Summary The expression of epidermal growth factor receptor (EGFR) was studied immunohistochemically in 234 cases of transitional cell bladder cancer. EGFR was overexpressed in 35% of cases and distinct nuclear localisation of EGFR positivity was found in 31% of the tumours. Overexpression was related to invasive growth, grade 2-3 histology, non-papillary type, DNA aneuploidy and high proliferation rate of cancer cells. The expressions of p53 and EGFR were interrelated, while expression of c-erbB-2 was independent of EGFR expression. Progression of superficial tumours, recurrence-free survival and survival were independently related to overexpression of EGFR in multivariate analysis. T category, S-phase fraction and non-papillary type included all the available prognostic information when the entire cohort was analysed by multivariate methods. The results show that overexpression of EGFR is related to several malignant features and prognosis in superficial bladder cancer. Moreover, the results suggest that overexpression of EGFR is usually a late event in bladder cancer development related to genetic instability rather than an early event in malignant transformation. Further studies are still needed to establish whether the direct measurement of cell proliferation or analysis of growth factor receptors and other oncoproteins gives more accurate prognostic information in bladder cancer.
The prognosis of transitional cell bladder cancer (TCC) depends on the extent of the primary tumour at diagnosis (Zingg & Wallace, 1985; Lipponen et al., 1992 Lipponen et al., , 1993 and its biological characteristics (Neal et al., 1990; Lipponen, 1993a,b; Sarkis et al., 1993) . Recent analyses indicate that the proliferation rate of cancer cells is an important factor when the metastatic potential of TCC is evaluated. Flow cytometric S-phase fraction measurements (Lipponen et al., 1993) , mitotic index and proliferationassociated proteins (Limas et al., 1993) have uniformly confirmed the interrelationship between cell proliferation and prognosis. The proliferation of cancer cells is regulated through autocrine and paracrine growth factors (Cohen 1983; Argile's et al., 1992; Coombs et al., 1993; Lipponen, 1993b); Sauter et al., 1993) and by intrinsic genetic alterations (Lipponen, 1993a; Sarkis et al., 1993) . Mutations in the p53 gene may result in increased cell proliferation and a malignant phenotype (Lipponen, 1993a; Sarkis et al., 1993) . The expression of c-erbB-2 protein, which is a transmembrane growth factor receptor (Lofts & Gullick, 1992) , has been related to increased cell proliferation and metastatic potential in TCC (Moriyama et al., 1991; Lipponen, 1993b) as well as in other neoplasms (Kallioniemi et al., 1991) . The HER/neu-2 gene, which encodes c-erbB-2 protein, has an outstanding sequence homology to EGFR, although they are not identical (Schahter et al., 1985; Yamamoto et al., 1986) . The epidermal growth factor proto-oncogene is located on chromosome 7pl3 (Rosenkranz et al., 1989) and it encodes EGFR protein for the cytokines epidermal growth factor (EGF) (Adamson & Rees, 1981) and transforming growth factor a (TGF-x) (Massague, 1983) . Expression of EGFR has been related to increased cellular proliferation (Argile's et al., 1992; Gasparini et al., 1992; Engebraaten et al., 1993; Sauter et al., 1993) . The present analysis was done to assess the prognostic value of EGFR expression in relation to other indicators of cell proliferation in a cohort of 234 bladder cancer patients with a long follow-up.
Patients and methods

Patients
A total of 234 patients with TCC were followed up for a mean (s.e.) of 11.3 (0.3) years (range 3.2-25.2 years) during 1965-91. There were 193 males and 41 females and their mean (s.e.) age was 67.2 (0.6) years (range 33.1-85.0 years) at the time of diagnosis. The diagnosis, treatment and followup of patients was conducted according to standard clinical practice (Zinng & Wallace, 1985) . Superficial tumours were treated by transurethral resections and adjuvant intravesical chemotherapy, and muscle-invasive tumours were treated by cystectomy, cystectomy and radiation therapy or radiotherapy alone (Table I) . The clinical staging of tumours was done according to UICC (1978) . Progression of tumours was defined as an increase in T (not Ta/Tl), N and M categories during the follow-up. The causes of death were verified from patient files, autopsy reports and from the files of Finnish Cancer Registry. Seventy-nine patients died of bladder cancer and 76 from other diseases during the follow-up period.
Histological methods
The transurethral or preoperative biopsy specimens from the primary tumours were fixed immediately after removal in buffered formalin (pH 7.0) and embedded in paraffin. For histological grading (Mostofi et al., 1973) 5 fLm sections were Ta-NTJ T2   T3  T4   No therapy   ---3  Electrocoagulation and  141  64  18  7  transurethral resection  Partial cystectomy  8  9  5   -Total cystectomy  6  15  8   -Cystecomy and radiation  3  8  14  4  Radiation  7  4  9  11  Intravesical chemotherapy  29  14  1 cut and stained with haematoxylin and eosin. The growth type of tumours was identified, and they were divided into papillary and non-papillary types. The methods and results of flow cytometry (Lipponen et al., 1993) and morphometry have been detailed elsewhere. In brief, paraffin-embedded material was used in flow cytometry (FCM) and the S-phase fraction was calculated by using the rectilinear method. Tumours with a DNA index < 1.00 were considered diploid, and tumours with a DNA index > 1.00 were aneuploid. For morphometry, the IBAS 1 and 2 image analysis system was used and the nuclei were traced by using a mouse connected to a computer which automatically calculated the nuclear parameters. In this analysis mean nuclear area, s.d. of nuclear area, nuclear perimetry, s.d. of perimetry, shortest nuclear axis and longest nuclear axis were used . The p53 immunohistochemistry (Novocastra Laboratories, Newcastle Upon Tyne, UK; CM 1 antibody) (Lipponen, 1993a ) and c-erbB-2 immunohistochemistry (Novocastra Laboratories; Newcastle Upon Tyne, UK, NCL-CB 1I antibody) (Lipponen, 1993b) and incubated for 20 min in preformed avidin-biotin-peroxidase complex (ABC, Vectastain Elite kit, Vector). Sections were washed twice for 5 min with PBS, then developed with diaminobenzidine tetrahydrochloride substrate (Sigma, UK), counterstained with Mayer's haematoxylin, dehydrated, cleared and mounted. Squamous cell carcinomas from oral cavity and human placenta were used as positive controls, and they were positive in all of the experiments. Sections from the same tumours prepared without primary antibody were used as negative controls and were negative in all of the experiments. Since some of the tumours showed distinct nuclear staining, additional experiments were done to exclude non-specific nuclear localisation of immunopositivity. The same staining procedures were done by using an irrelevant antibody of the same isotype (E-cadherin, Novocastra Laboratories) diluted at 1:10 in PBS, and no nuclear reactivity was found (six sections from tumours with distinct nuclear staining). Secondly, in dilution experiments (four tumours with simultaneous membrane, cytoplasmic and nuclear positivity for EGFR) with the primary antibody, the staining was simultaneously reduced in all three cellular compartments as the dilution of the primary antibody was increased from 1:2,000 to 1:4,000, 1:6,000, 1:8,000, 1:16,000 and to 1:32,000. The sections showed no positive staining at the dilution of 1:32,000.
Scoring of EGFR expression
The intensity of staining was graded subjectively into four categories by light microscopy: negative (0), weakly positive (1), equal to placenta (2) and stronger than placental control (3). The entire section was screened and the scoring was based on the findings in tumour areas with the strongest positivity for EGFR. The sections which showed weaker or equal positivity to human placenta were considered negative, and all those sections that showed stronger staining than human placenta were considered EGFR positive in the final analysis. This classification was adopted since it gave the best prognostic results (other group limits were also tested) and the differences in biological variables between the grades 0 and 2 were not significant. The scoring was based on the evaluation of the cytoplasmic and membrane staining together. Since some tumours showed distinct nuclear staining, the fraction of positively staining nuclei was scored in the entire section. In the analysis of results the fraction of positive nuclei was classified into three categories: negative, 1-10% positive nuclei and over 10% positive nuclei.
Scoring of c-erbB-2 and p53 protein expression The scoring of c-erbB-2 as well p53 has been reported in detail previously. In brief, c-erbB-2 expression was categorised into four grades: negative, weak, moderate and intense (Lipponen, 1993b) . Expression of p53 (fraction of positive nuclei) was categorised in this analysis as follows: negative, 1-20% positive nuclei and over 20% positive nuclei (Lipponen, 1993a) .
Statistical methods
The differences between the groups were tested using standard statistical tests, which are indicated along with the results when appropriate. Univariate survival analysis was based on life table (log-rank analysis) method with the statistics by Lee and Desu (1972) . Recurrence-free survival was defined as the time elapsed between the primary therapy and the first recurrent tumour in the bladder. Multivariate survival analysis (Cox, 1972) was done with the BMDP (2L) in a stepwise manner using the deaths due to bladder cancer as events. The enter limit was P <0.1 and the remove limit was P> 0.15.
Results
Histological description According to the EGFR scoring system used 35/234 (15%) of the tumours were negative, 76/234 (32%) were weakly positive, 41/234 (17%) showed similar staining to human placenta and in 82/234 (35%) of cases EGFR was overexpressed. The positivity was located at cell membranes and in cytoplasm, albeit the membranous staining predominated in the majority of cases (Figure la) . The expression of EGFR showed marked intratumoral variation (Figure lb) , while the invasive carcinoma cells were usually positive for EGFR. In weakly staining cases basal cells were often positive for EGFR. In 74/234 (31%) cases nuclear staining showed immunoreactivity (Table II) . Nuclear staining was seen also in cases in which the membrane staining was weak or even absent (Figure lc ) and cytoplasmic and membrane staining and nuclear staining were not interrelated (chi-square, P=0.5).
EGFR expression related to standard prognostic factors Thirty-nine per cent of muscle-invasive tumours were positive for EGFR, while 81% of superficial tumours were negative (Table III) . The involvement of the pelvic lymph nodes (P = 0.28) or distant metastasis (P = 0.21) at diagnosis could not be related to EGFR overexpression.
Non-papillary tumours were more often positive for EGFR than the papillary ones (Table III) . Similarly, 49% of the grade 3 tumours showed overexpression of EGFR, in contrast to 30% of grade 1 tumours (Table III) . DNA aneuploidy was significantly related to EGFR overexpression (Table III) (Table II) . Nuclear expression of EGFR was independent of TNM clas-+ sification (chi-square, P = 0.3-0.9), papillary status (chisquare, P = 0.14) and DNA ploidy (chi-square, P = 0.7).
Interrelationship between p53, c-erbB-2 and EGFR The overexpression of p53 showed a statistically significant association with overexpression of EGFR, as shown in Table  IV . Overexpression of c-erbB-2 and EGFR were not significantly interrelated (Table IV et al., 1991; Wright et al., 1991; Lipponen, 1993b; Sauter et al., 1993) are both related to cancer cell proliferation, highgrade histology and invasive disease in bladder cancer. The cellular effects of TGF-x and EGF are mediated through EGFR (Cohen, 1983; Massaquee, 1983) , and the intracellular component of the EGFR exhibits tyrosine kinase activity, having binding sites for ATP (Cohen, 1983) . This results in the autophosphorylation of the EGFR and phosphorylation of several target proteins (Ushiro et al., 1980 usually rapidly proliferating (Gasparini et al., 1992; Sauter et al., 1993) , which could also be confirmed in this immunocytochemical analysis. Experimental analyses have also shown that migration and invasive potential may be modulated through EGFR (Engebraaten et al., 1993) (Moriyama et al., 1991; Gullick et al., 1991; Wright et al., 1991) . In contrast, we found a significant relationship between the overexpression of p53 and EGFR, which is at variance with the results of Wright et al. (1991) . Several reports have indicated a significant relationship between c-erbB-2, p53 and increased cell proliferation in neoplastic diseases (Kallioniemi et al., 1991; Lipponen, 1993a,b; Haapasalo et al., 1993) . Consequently, the relationship between EGFR and oncoproteins has a logical basis. The differences in results may be due to different antibodies used, different numbers of cases analysed and different grade/stage distributions of tumours. In superficial tumours EGFR, p53 and c-erbB-2 are rarely expressed (Neal et al., 1990; Wright et al., 1991; Moriyama et al., 1991; Lipponen, 1993a,b; Sauter et al., 1993) which may lead to variable results when small numbers of cases are analysed.
The expression of EGFR in cancer cell nuclei has been recognised previously (Goppinger et al., 1989; Ramael et al., 1991; Tervahauta et al., 1993) (Jiang & Schindler, 1990 ). The nuclear localisation of EGFR may be also related to modulation of gene transcription (Rakowicz et al., 1986) or it may even be related to control of differentiation (Green, 1977) .
Nuclear localisation of EGFR positivity with the same antibody has been related to HPV and CIN lesions in the uterine cervix, which are accompanied by similar nuclear changes as in this analysis (nuclear atypia, p53 positivity) (Goppinger et al., 1989; Tervahauta et al., 1993 The results of survival analysis show that overexpression of EGFR has prognostic significance in transitional cell bladder cancer as in breast carcinomas (Gasparini et al., 1992) . The present results are in agreement with the results of Neal et al. (1990) , who demonstrated prognostic value for EGFR overexpression in superficial bladder tumours and in invasive tumours. Although direct indicators of cell proliferation were included in this analysis, overexpression of EGFR predicted independently recurrence-free survival and survival. However, when the entire series was analysed, standard prognostic factors included all the available prognostic information. This is at variance with the results of Neal et al. (1990) , probably because proliferation indicators other than expression of EGFR were not included in their analysis.
Although the patients were treated in several different ways, multivariate analysis showed that the prognostic results in superficial tumours were mainly determined by the intrinsic malignant potential of the tumours. Our previous analysis of tumours treated by cystectomy confirms that the biological factors are also important determinants of the prognosis in muscle-invasive tumours (Lipponen, 1992) . Accordingly, the treatment had hardly any significant confounding effect on the prognostic results based on the biological factors.
The results suggest that overexpression of EGFR may have a higher prognostic potential than the overexpression of p53 (Lipponen, 1993a; Sarkis et al., 1993) or c-erbB-2 (Lipponen, 1993b) in bladder cancer since the altered expression of the latter protein had no independent prognostic value in this multivariate analysis. The prognostic value of overexpression of p53 seems to be complicated by antibody formation against mutated p53 protein (Davidoff et al., 1992) and because of the association of uncontrolled cell proliferation with specific mutations in the p53 gene (Merlo et al., 1993) . The amplification and overexpression of EGFR, p53 and c-erbB-2 may indicate a general degree of genomic instability since the expression of both of these oncoproteins is related to advanced disease in bladder cancer. Normal cells are able to control genomic instability (Tlsty et al., 1992) , and the loss of these control mechanisms may eventually promote tumour formation.
In summing up the results of the present study and the previous analyses in bladder cancer it seems reasonable to suggest that the overexpression of EGFR is related to several malignant histological features in bladder cancer and particularly to cell proliferation. It remains to be established whether the direct measurement of cell proliferation by flow cytometry or by using proliferation-associated molecules (Haapasalo et al., 1993; Limas et al., 1993) gives more accurate prognostic estimates in superficial tumours than the demonstration of EGFR amplification or overexpression (Sauter et al., 1993) . Similar issues must also be considered when the prognostic potential of other oncoproteins and growth factors is considered. A study along these lines based on a prospectively followed up population of bladder cancer (Ta-TI) patients has already been started in our laboratory.
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